An all epitaxial silicon diode (ESD) heavy ion detector has been designed, fabricated, and tested. The active area of the detector is 5 cm2 and has a total thickness of 50 P. The response of the detector has been studied with fission fragments, alpha particles, oxygen ions, and sulfur ions. A number of advantages in terms of both fabrication and performance are discussed.
fully thinned with areas up to 5 cm
The response of the ESD detector has been measured using several sources of heavy ions. The response to fission fragments was measured. Oxygen ions from the reaction 197Au (160, 160) for energies between 13 and 54 MeV were used to probe the response of the detector for various detector biases. The charge defect has an unusual bias dependence with implications of an interesting charge transport process. The detector has a most favorable response at lowest biases. Sulfur ions (92.5 MeV) having angles of incidence both normal and 450 with respect to the junction give results which confirm the oxygen ion data. Resolutions limited by Nyquist noise and the high capacitance of the detector were observed. DESIGN The purpose of the ESD detector design was to achieve a large area, economical, relatively radiation resistant heavy ion detector. As indicated in the detector response section, other design features were discovered which deserve optimization in any future ESD detector design. No optimization of the design is attempted in this paper.
The basic ESD detector design is seen in Fig. 1 In Fig. 2 we show the response of the detector to fission fragments from the reaction 244Pu + d (15 MeV).
The data were taken using a 3/4-in. diameter collimator.
The response of the detector to oxygen ions from the reaction 197Au (160, 160) was studied as a function of incident oxygen energy and detector bias. In Fig. 3 we show the response of the detector to the oxygen ions from this reaction. The detector for this particular spectrum had a bias of 9 V. The depletion width (% 11 pm) is only a fraction of the range of either the oxygen ions ("' 39 pm) or the alpha particles (% 28 pm).
The filter time constant of the shaping amplifier was set at 0.5 psec. Upon checking with the precision pulser it was determined that most of the charge (within 2%) was being collected. It was also observed in this check that the charge collection efficiency improved with decreasing bias. This was contrary to any expectation based upon previous experience.
Because of this latter statement, the following studies were made of the electronics:
1. The same bias dependence and efficiencies were obtained for 0.5, 2.0, and 8.0 psec shaping time constants.
2. The same efficiencies were measured when a 5000 pf capacitance was placed in parallel with the ESD.
3. The same efficiencies were measured when 50 Q was placed in series to the preamplifier.
4. The combination of checks 2 and 3 gave the same result.
The conclusion was that the effect was not likely an artifact of the electronics, but rather a physical feature of the charge transport.
At this point it was decided to study the charge collection efficiency in detail as a function of the oxygen ion energy (range) and ESD bias. The results of these measurements are shown in Fig. 4 . The important features of the data are:
1. For ranges long compared to the junction depth, the charge collection efficiency is greatest for smaller depletion widths.
The crossover at the junction between features 1 and 2 is taken as additional evidence that the effect is not an electronic artifact.
Feature 1 is new and cannot be reconciled with any known gain mechanism (transistor or avalanche multiplication).
The charge collection efficiency of the ESD was checked further using 92.5 MeV sulfur ions as a function of bias and angle of incidence for the ion. The range of these particles in silicon is 37 pm. The angles of incidence for the ions were 90.0 and 45.0 degrees to the plane of the junction. The results are shown in Fig. 5 . The main features of this data are:
1. The oxygen ion results are confirmed for normal incidence.
2. For 45 degree incident angle the efficiency is less and the bias dependence is less strong than for normal incidence.
The second feature in this result is taken as further evidence that the effect is not an electronic effect.
THEORY
A charge transport model is proposed which we believe explains the major features of the data in the previous section. The model is called "Dipole Induced Charge Transport." The charge transport is space charge assisted (SCA). The charge transport is exactly that which one would associate with the so-called "Long diode" i.e., a diode having undepleted material on each side of the junction with a long recombination lifetime. A second analogy can be found in the charge transport of a "step recovery" diode. The difference between our case and this latter analogy is that the undepleted material is minimized and has a short recombination lifetime for the "step recovery" diode.
The charge transport is governed by the following:
The real currents electrons, J = enp E + eD an n m ax (1) holes,
The transport involves both drift and diffusion as given in Eqs. 1 and 2.
The continuity equations 
From Maxwell's equations it can be shown that the sum of the real currents and the displacement current is independent of position. This transport continues until sufficient charge has accumulated at the edge of the depletion to have reduced the field in the depleted region to nearly zero. Now because the voltage across the entire device is held constant the integral of the electric field in the depletion region which is reduced by the field of the space charge must appear in equal amount in the undepleted region. This is expected to occur in a time of the order of 10 10 sec for the ESD design. The charge transport in the undepleted region is now a drift dominated transport due to the space charge field (dipole). The charge transport in the depletion region is dominated by diffusion due to the superposition of the dipole field on the original field. The transport is "blocked" between the poles of the dipole for a diffusion time which depends upon the depletion width. The charge in the plasma is cleared from the undepleted regions by a drift transport over a time duration of approximately 3 x 10 9 sec for the ESD de- sign. Some of the charge from the undepleted regions drifts to the blocked region and is stored for approximately a diffusion time (% 10-7 sec). It is mostly this stored charge in the "blocked" region (because of the long storage time) which experiences recombination and contributes to the inefficiency of the charge measurement. In effect, the induced dipole field of the space charge has contributed to a space charge assisted (SCA) transport.
Qualitatively one can now calculate the charge collection efficiency as a function of bias across the ESD. We make the assumption that the range, R, is large compared to either the junction depth, X, or depletion width, W. The only free parameter in this expression is the recombination lifetime. Using the data at 20 V in Fig.  5 we find a recombination lifetime of 2 x 10-sec.
The model qualitatively accounts for all the features of the data. The data in Fig. 4 are accounted for as follows:
1. For ranges long compared to the junction depth, the charge collection efficiency is greatest for smaller depletion widths because the charge storage time in the blocked region (depleted region) is least for the smaller depletion widths and therefore there is less recombination for lower biases.
2. For ranges short compared to the junction depth, the charge collection efficiency is low, and increases with depletion width because the amount of charge stored and the storage time is least for the widest depletion widths and therefore there is less recombination for higher biases.
The data in Fig. 5 are accounted for as follows:
1. The confirmation of the oxygen results carries the same explanation as (1) above.
2. For 45 degrees incident angle, the efficiency is less and the bias dependence is less strong than for normal incidence. In this case some of the charge transport is off the edge of the dipole field. This results in a superposition charge transport having effective ranges long and short compared to the junction depth. See  Fig. 4 . The result being in a net cancellation of the bias dependence.
CHARGE DEFECT
In general, the net charge defect in the detection of heavy ions is due to a superposition of effects. Some of these effects are:
1. Dead layers due to electrodes.
2. Non-ionizing collision energy losses.
Recombination.
For that portion of the defect due to recombination, it is interesting to make a comparison between the ESD design and the commonly used surface barrier detector. If one assumes an ESD operating at low bias and a fully depleted surface barrier detector each having equivalent recombination lifetimes and resistivities, the ESD in principle will lose one-quarter as much charge by recombination as the surface barrier detector. 
